Introduction
Practically all commercial plastics are "compounded" with various additives to improve their processing and end-use performance. In the order of total volume of additives used in 1974, flame retardants occupied second place after plasticizers with a volume of 384 million pounds (see Table 1 ) (1). 
Types of Flame Retardants
The major basic chemical elements in most commercial flame retardants are chlorine, phosphorus, and bromine. Most flame retardants contain one or more of these elements, often in addition to such other elements as nitrogen and antimony. The presence of nitrogen and/or antimony enhances the effectiveness of the basic elements in certain combinations (formulations).
Chlorine-Containing Flame Retardants. Chlorine-containing flame retardants are of three chemical types: aliphatic, cycloaliphatic, and aromatic (2) . Chlorinated paraffins are by far the most widely used aliphatic chlorinecontaining flame retardants. These low cost products are offered in a broad range of chlorine content and physical properties. Cycloaliphatic chlorine-containing flame retardants are best represented by Diels-Alder adducts of hexachlorocyclopentadiene. The best known example in this class is chlorendic anhydride (I). This flame retardant is used as an intermediate in the production of flame-retarded epoxy resins and unsaturated polyesters.
Of the various aromatic chlorocompounds, the best known commercial flame retardants are tetrachlorophthalic anhydride, chlorinated napthalenes, and tetrachlorobisphenol A (II). This flame retardant has generated significant commercial interest in Europe for use in polyolefins.
Flame retardants containing ionic bromine include ammonium bromide and various phosphonium bromides.
In addition to the above types, flame retardants containing chlorine and phosphorus or bromine and phosphorus are prevalent and seem to become more important as time goes by. Commercially used examples of chlorineand phosphorus-containing flame retardants are tris (2,3- 
Usage of Flame Retardants
The major markets for plastics can be divided into seven categories (see Table 2 ) (3). These seven categories accounted for 72% of all plastics used and 96% of fire-retardant polymers (4) . Of the total consumption of 24 Decabromodiphenyl Oxide. A 2-yr toxicity study with decabromodiphenyl oxide, DBDPO (5-9) was conducted. Rats ingesting 1.0, 0.1, or 0.01 mg DBDPO/kg for 2 yr showed no discernible alterations in body weight, food consumption, hemotology, organ weights, tumor formation, or tissues subjected to pathologic examination. Serum, muscle, and kidney showed no increase in bromine content. In liver, showed less weight gain and a decrease in organ weight. However, no clinical or histopathological effects were noted. Tissue residue analysis showed bromine build-up in all tissues at the end of the 28-day feed period. After 6 weeks withdrawal, residue levels decreased to essentially control levels. It is concluded that TRIS exhibits very low oral and dermal toxicity, is not a skin or eye irritant, and has a low order of subacute toxicity as determined by 28-day rat-feeding studies. A recent study (11) , however, showed that 1 ppm of TRIS in water for 5 days killed goldfish (Carassius auratus).
Hexabromobenzene (IV) (12 Antimony Trioxide. Subacute oral toxicity for antimony trioxide (Sb406) administered in the food to rats for 30 days produced the following dose-symptoms relationships (14) : maximum dosage having no effect, 0.27 g/kg; reduced growth, reduced appetite, micropathology in liver, kidney, spleen, or testis of any rat at 1.07 g/kg. Single dose oral LD50 is higher than 20 g/kg.
Environmental Health Perspectives Plasticizers That Also Function as Flame Retardants
Plasticizers are mixed into polymers to increase flexibility and workability. The esters formed by reaction of the three functional groups of phosphoric acid with alcohols or phenols are excellent plasticizers. The phosphoric acid esters are also remarkable flameretarding agents, and for this reason are extensively used in plastics. Generally, phosphoric acid esters are toxic (13) . Tricresyl phosphates have been one of the most important plasticizers, and it is believed that the tricresyl phosphate used as a plasticized is free of the ortho isomer.
CH3 (> )~~~3 cr-Tricresyl phosphate
The ortho isomer has prominent neurotoxic properties. The question of the purity of materials in this group because of the neurotoxic components is a very serious one.
Triphenyl Phosphate. Repeated ingestion by rabbits of doses of triphenyl phosphate (VI) varying between 0.10 g and 1 g/kg body weight gave rise to kidney damage (13, 15) (13) . In rabbits, a single dose of 0.10 g/kg is fatal; in dogs the dose is 0.50 g/kg (13, 15) . In white mice, a single dose of 12 mg/g is fatal when injected subcutaneously. The minimum toxic dose for human beings has not been stated precisely. In general, it is very low, and traces are enough CH3 Ix to cause paralysis of the extremities of the limbs. Of the three positional isomers, the meta isomer is less toxic and the para isomer is very slightly toxic. Of the mono-, di-, or tri-o-cresyl esters, the monoester in animals was six times more toxic than the tri-o-cresyl ester.
Tri-2-ethylhexyl Phosphate. Tri-2-ethylhexyl phosphate (X) has only a very slight acute toxicity; for rats the lethal dose LD,0 is 39.8 g/kg. Subacute oral toxicity for the (CH3CH2CH2CH2CHCH20) 3PO CH2 CH3 x phosphate given in the food to rats for 30 days produced the following dose-symptoms relationship: maximum dose having no effect, 0.43 g/kg, reduced growth at 1.55 g/kg.
Reactive Flame Retardants Vinyl Chloride. There is probably more toxicological information now on vinyl chloride (XI) than any other monomer (13, (18) (19) (20) (21) (22) . For example, a recent paper on health effects of vinyl chloride monomer contains an annotated bibliography of some 162 references (19) . The monomer, but not the polymer, is toxic and is a carcinogen. When rats were exposed CH2 = CHC1 XI to 50 to 10,000 ppm of atmospheric concentrations of vinyl chloride, 4 hr/day, 5 days/week for 12 months, angiosarcomas, symbal gland carcinomas, and nephroblastomas were developed. The upper exposure limit of 1 ppm averaged over an 8-hr period has been set by the Occupational Safety and Health Administration of the Department of Labor.
Vinylidene Chloride. Exposure of rats to 500 ppm of vinylidene chloride (XII) for 6 hrs caused nose irritation, retarded weight gain, and liver cell degeneration (13, 18, 23) .
For a 4-hr exposure, the lethal dose LD50 for rats was found to be of the order of 32,000 ppm.
29,2',6,6'-Tetrabromo-3,Y3,5,5'-tetramethyl-4,4'-dihydroxybiphenyl (TTDB). Acute toxicity studies in rabbits and rats showed that TTDB (XIII) is a possible eye irritant, ( is not a primary skin irritant, and is not a toxic material by the dermal route of administration and by the oral route of administration (24) . A lethal dose of LD50 of 5 g/kg was observed. In a 28-day chronic toxicity studies, rats were fed TTDB at dosage levels of 1, 10, 100, and (27, 28) . The danger here is that sufficient amounts of formaldehyde and hydrogen chloride could conceivably be given off to generate spontaneously small amount of bis (chloromethyl) ether (29) .
2HC1+2CH20 . C1CH20CH2C1+H20
In the study by Afanazeva et al. (27) , it was shown that six THPCI formulations produced local irritant and systemic effects. Topical applications of aqueous extracts resulted in death of up to 70%v of the experimental mice.
However, the dosages used were not given and the presence of bis (chloromethyl) ether was not demonstrated. Recently it was shown that 1 ppm of THPOH in water for 5 days was toxic to goldfish (Carassius auratus) (11) . Furthermore, THPCI was found to be one of the most intense skin irritants tested (30 Poly (vinyl chloride) tubes as a prosthetic material for replacing the esophagus of a dog gave rise to no irritation and were very well tolerated by the animal (34) .
Vinyl chloride/vinylidene chloride copolymer has been incorporated (5%) in a daily diet for dogs and rats (35) . The dogs were maintained on the diet for 1 year and the rats for 2 years, and no signs of poisoning were found in these animals.
Polytetrafluoroethylene has been evaluated in rats. Feeding a diet containing 25% of finely powdered polytetrafluoroethylene induced no symptoms of poisoning (36) .
Subacute oral toxicity tests on rats with "chlorinated rubber" indicated the material to be as innocuous as the chlorinated paraffins were (13).
Conclusion
In general, flame retardants per se present less problems than the components from which they are manufactured, by-products in their manufacture, and products of their degradation. More studies on their toxicity and of the decomposition products of flame retardants when they reside in the polymer substrates are badly needed.
Another emerging area that needs more attention is the area of multiple-functional additives. The matter of combining in a single product the additive functions that formerly required two or three or more separate materials is a cost-efficient trend that will become more important. We already are familiar with one such group of materials, the phosphate plasticizer-flame retardant materials. Incidentally, this group of materials, because of the possibility of the presence of neurotoxic components, needs a lot more toxicological evaluation work than appears to be available.
